Abstract Dosage compensation in the nematode Caenorhabditis elegans is achieved by the binding of a condensin-like dosage compensation complex (DCC) to both X chromosomes in hermaphrodites to downregulate gene expression two-fold. Condensin I DC , a sub-part of the DCC, differs from the mitotic condensin I complex by a single subunit, strengthening the connection between dosage compensation and mitotic chromosome condensation. The DCC is targeted to X chromosomes by initial binding to a number of recruiting elements, followed by dispersal or spreading to secondary sites. While the complex is greatly enriched on the X chromosomes, many sites on autosomes also bind the complex. DCC binding does not correlate with DCC-mediated repression, suggesting that the complex acts in a chromosomewide manner, rather than on a gene-by-gene basis. Worm dosage compensation represents an excellent model system to study how condensin-mediated changes in higher order chromatin organization affect gene expression.
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Chromosome-based mechanisms of sex determination employed by many higher eukaryotes lead to a sex chromosome-linked gene dosage imbalance between the sexes. Different organisms evolved unique mechanisms to restore this balance-a process referred to as dosage compensation. The problem to be solved is two-fold. First, there is a dosage imbalance between the sex chromosomes and the autosomes in the heterogametic sex. While the ratio of genes located on two different autosomes is 1:1, the ratio of sex-linked genes to autosomal genes is 1:2. Second, there is a difference in sex-linked gene dosage between the sexes, with the homogametic sex possessing twice as many copies of sex-linked genes as the heterogametic sex. This review focuses on our current understanding of the mechanism of dosage compensation in the nematode Caenorhabditis elegans. C. elegans exists as two sexes: hermaphrodites and males. Hermaphrodites produce both sperm and oocytes and can reproduce by self-fertilization. Males only produce sperm. In addition to five pairs of autosomes, hermaphrodites have two X chromosomes and males have one (Fig. 1a) (Hodgkin 2005) . Unlike in mammals, where a sex-determining gene located on the Y chromosome determines maleness, the primary sex determination signal in worms is the ratio of X chromosomes to sets of autosomes (Zarkower 2006) .
Balancing the X chromosome and autosomes
The XX vs. XO chromosomal sex determination system results in a functional imbalance of X to autosomal gene dose in XO males. How is this X monosomy tolerated? Recent studies suggested that this dilemma is overcome by hyperactivation of the X chromosome (Gupta et al. 2006) . Microarray analysis of gene expression revealed an overall level of X-linked gene expression from the single male X that is comparable to gene expression levels from autosomes, which are present in two copies. These results led to the hypothesis that the problem of X chromosome aneuploidy in C. elegans males has been solved over the course of evolutionary time by increasing transcription rates of X-linked genes roughly two-fold (Gupta et al. 2006) (Fig. 1b) .
Upregulation of the male X to achieve expression levels equivalent to autosomes appears to be an evolutionarily conserved mechanism. X chromosome hyperactivity has been studied more extensively in mammals and in flies (Adler et al. 1997; Gupta et al. 2006; Lin et al. 2007; Nguyen and Disteche 2006; Sharova et al. 2007 ). Interestingly, in mammals, the male X in undifferentiated cells is initially upregulated only about 1.4 to 1.6-fold. Upregulation reaches 2-fold only after differentiation (Lin et al. 2007) . A similar analysis of X:A expression before and after the onset of dosage compensation has not yet been conducted in C. elegans, but it would provide necessary strength to the argument that the X chromosomes are hypertranscribed with respect to autosomes.
The mechanism of X-upregulation in worms remains a mystery. Whether the special feature of the X chromosome is different promoter strengths for individual genes or a cellular machinery responsible for chromosome-wide upregulation is yet to be determined. Potential mechanisms could involve an X chromosome specific activator, a genome-wide activator that is enriched on the X chromosome, or a repressor that is depleted on the X. It will also be interesting to determine whether this upregulation affects all X-linked Fig. 1 The mechanism of dosage compensation in worms. a Hermaphrodite worms possess two X chromosomes and two sets of autosomes, while males posses one X chromosome to two sets of autosomes. These chromosomal differences create an X to autosome imbalance in males, and an X chromosome imbalance between the sexes. b Some evidence suggests that the expression level of the X chromosome is increased compared to autosomal gene expression, to compensate for X monosomy in males. However, this upregulation creates overly high levels of X-linked gene expression in hermaphrodites. c In a hermaphrodite-specific process, both X chromosomes are downregulated, which restores gene dosage balance genes or only a subset of genes for which functional monosomy would be deleterious.
X chromosome dosage compensation between the sexes
The second dilemma posed by chromosome-based sex determination mechanisms is the sex-linked gene dosage imbalance between males and females or hermaphrodites. In principle, if upregulation of the X chromosome only occurs in males, it restores both the X to autosome balance and X-linked gene dosage balance between the sexes. Indeed, the mechanism of dosage compensation in Drosophila accomplishes these two goals with one mechanism: male specific upregulation of the X chromosome by the MSL complex (see Review in this issue). However, in mammals and worms, X chromosome upregulation seems to occur in both sexes (Gupta et al. 2006; Lin et al. 2007; Nguyen and Disteche 2006) . Therefore, the function of dosage compensation is not only to balance X-linked gene expression between the sexes, but also to prevent disproportionate overexpression of the X chromosomes in hermaphrodite worms and in female mammals.
The first hints that X chromosome dosage compensation operates in C. elegans came from observations that worms are able to tolerate X chromosome aneuploidies better than autosomal aneuploidies (Hodgkin 1983) . If a sex-specific dosage compensation mechanism exists, mutants in the process would be expected to produce sex-specific phenotypes. The majority of these types of mutations caused hermaphrodite-specific abnormalities or lethality (Hodgkin 1983; Meneely and Wood 1984; Meyer and Casson 1986; Wood et al. 1985) , and hermaphroditespecific elevation of X-linked mRNA levels (Meyer and Casson 1986) . These observations led to the model that dosage compensation is accomplished by downregulation of transcript levels in XX animals. A recent study confirmed these earlier observations, and demonstrated that a large number of X-linked genes are overexpressed in dosage compensation mutants (Jans et al. 2009 ). One possible mechanism of downregulation of X-linked gene expression in XX animals is complete silencing of one of the two X chromosomes, the mechanism employed by mammalian females (See Review in this issue). However, X-inactivation was ruled out as the dosage compensation mechanism in C. elegans for the following two reasons. First, for cell autonomous genes, recessive sex-linked mutations in heterozygous hermaphrodites would be expected to lead to mosaic phenotypes, which are never observed. Second, for non cell-autonomous genes, X-linked loss-of-function mutations should have dominant phenotypes with varying penetrance and expressivity, which has not been observed either (Hodgkin 1983; Meyer 2005) . Therefore, an alternative model was proposed, in which dosage compensation downregulates by half the expression of genes on both X chromosomes in hermaphrodites (Meyer and Casson 1986; Plenefisch et al. 1989) (Fig. 1c) . Consistent with this model, the amount of RNA produced by worms carrying various X chromosome duplications is always proportional to copy number. Two copies produce twice as much, and three copies produce three times as much mRNA as a single copy, indicating that all copies of the gene contribute equally to mRNA levels (Meyer and Casson 1986) . Additionally, cytological studies of dosage compensation proteins demonstrated that the dosage compensation machinery localizes to both X chromosomes in hermaphrodite somatic cells, indicating that dosage compensation affects both chromosomes (Chuang et al. 1994 ).
The dosage compensation machinery
Genes that regulate dosage compensation The X:A ratio that determines sex in worms also controls dosage compensation by regulating the master sex switch gene, xol-1 (Fig. 2) . A low X:A ratio leads to activation of xol-1 in males, while a high X:A ratio leads to repression of xol-1 in hermaphrodites. (Miller et al. 1988; Rhind et al. 1995) . In molecular terms, a set of X-linked "numerator" genes (XSEs, X signal elements) code for proteins that repress xol-1. Conversely, a set of genes on the autosomes (ASEs, autosomal signal elements) code for proteins that activate xol-1 (Reviewed in (Meyer 2005; Zarkower 2006) ). XSEs include the nuclear hormone receptor SEX-1 (Carmi et al. 1998) , the RNA binding protein FOX-1 (Hodgkin et al. 1994; Skipper et al. 1999) , the ONECUT Homeodomain protein CEH-39 , and SEX-2 ). SEX-1 and CEH-39 repress xol-1 primarily at the level of transcription, while FOX-1 acts posttranscriptionally (Akerib and Meyer 1994; Carmi et al. 1998; Carmi and Meyer 1999; Nicoll et al. 1997) . In addition to its role as an XSE, SEX-1 also functions downstream of xol-1 to promote dosage compensation ). The ASE SEA-1 leads to an increase in xol-1 transcript levels (Powell et al. 2005) , while an additional autosomal signal element, SEA-2, has not been described in detail (Meyer 2005) . By the combined action of XSEs and ASEs, the X:A ratio is translated into the activity state of xol-1 in a remarkably precise manner. In XX:AAA animals (X:A ratio of 0.67), XOL-1 levels are high and the animals develop as males, while in XXX: AAAA animals (X:A ratio of 0.75), XOL-1 levels are low and they develop as hermaphrodites (Madl and Herman 1979) .
In addition to its sex-determination role, XOL-1 also regulates dosage compensation. High XOL-1 levels in males turn off dosage compensation, while low XOL-1 levels in hermaphrodites trigger dosage Fig. 2 The genetic pathway regulating sex determination and dosage compensation. Autosomal signal elements (ASEs) activate, while X signal elements (XSEs) repress the master switch gene xol-1. xol-1 represses the sdc genes, which in turn both repress her-1 and promote the activity of dosage compensation genes. her-1 promotes male development, while dosage compensation genes downregulate expression of genes on hermaphrodite X chromosomes. In males, xol-1 is turned on, which leads to male development and inhibition of dosage compensation. In hermaphrodites, xol-1 is turned off, which leads to hermaphrodite development and X chromosome dosage compensation compensation (Rhind et al. 1995) . The molecular mechanism of this switch is unclear. XOL-1 is similar to GHMP kinases, although it does not appear to bind ATP and therefore likely acts by a mechanism distinct from other GHMP kinases (Luz et al. 2003) .
Mutations in xol-1 cause XO-specific lethality and feminization (Miller et al. 1988) , due to an inability to repress genes that execute dosage compensation and sex determination. This property of xol-1 was later exploited in genetic screens to identify mutations in dosage compensation genes. A large number of gene products are needed to execute dosage compensation (Fig. 2) . dpy-21, -26, -27, and -28 were originally described as mutations causing an XX-specific Dpy phenotype (dumpy, short and fat) or XX-specific lethality (Hodgkin 1983; Meneely and Wood 1984; Meyer and Casson 1986; Wood et al. 1985) . Mutations in sdc-1 were originally identified due to an egg-laying defect phenotype (Trent et al. 1983) , but later were shown to cause both sexual transformation and dosage compensation defects in hermaphrodites (Villeneuve and Meyer 1987) . sdc-2 was isolated in a screen for sex-specific lethal mutations (Nusbaum and Meyer 1989) . Screens aimed at finding suppressors of the XO-specific lethality caused by xol-1 mutations uncovered sdc-3 (DeLong et al. 1993; Plenefisch et al. 1989) , dpy-30 (Hsu and Meyer 1994) , as well as additional alleles of sdc-2 (Nusbaum and Meyer 1989), dpy-27, dpy-26, and dpy-21 (Plenefisch et al. 1989) . Additional members of the dosage compensation machinery, MIX-1 (Lieb et al. 1998 ) and CAPG-1 ) were found by subsequent biochemical analysis.
sdc-2, together with sdc-1 and sdc-3, regulates both sex determination and dosage compensation (Chu et al. 2002; Davis and Meyer 1997; Dawes et al. 1999; Nusbaum and Meyer 1989; Villeneuve and Meyer 1987; Villeneuve and Meyer 1990; Yonker and Meyer 2003) . In the dosage compensation pathway, the sdc genes promote the activity of dpy-21, -26, -27, -28, and -30, as well as mix-1 and capg-1. In the sex determination pathway, the sdc genes repress her-1, a gene needed for male development. In hermaphrodites, XOL-1 levels are low, therefore the sdc genes are on and they repress her-1 and trigger dosage compensation. In males, due to high XOL-1 levels, the sdc genes are off, therefore her-1 is expressed and dosage compensation is turned off (Dawes et al. 1999 ). Most dosage compensation proteins are supplied maternally in the oocyte, and are initially present in both male and hermaphrodite embryos (Reviewed in (Meyer 2005) ). The only exception is SDC-2, which is transcribed and translated exclusively in hermaphrodites, and is needed to recruit all other DCC proteins to the X chromosome (Dawes et al. 1999) . Therefore, SDC-2 confers both sex-specificity and chromosome-specificity to the process of dosage compensation.
The worm dosage compensation complex Biochemical analysis of the DCC revealed that the complex consists of two subparts (Fig. 3a) . The SDC-1, SDC-2 and SDC-3 proteins form one subcomplex (Chu et al. 2002) . SDC-1 contains seven zinc fingers (Nonet and Meyer 1991) , SDC-2 is a highly charged protein with a coiled coil motif (Dawes et al. 1999) , and SDC-3 contains a pair of zinc-finger motifs and a motif similar to myosin heavy chain (Davis and Meyer 1997; Klein and Meyer 1993) . Five additional proteins, DPY-26, DPY-27, DPY-28, MIX-1, and CAPG-1, form the other subcomplex, condensin I DC , a homolog of the evolutionarily conserved condensin complex involved in mitotic and meiotic chromosome segregation and compaction (Chuang et al. 1994; Chuang et al. 1996; Csankovszki et al. 2009; Lieb et al. 1998; Lieb et al. 1996; Tsai et al. 2008 ). In addition, DPY-21, a novel, but conserved, protein with a proline-rich N terminus, interacts with members of both subcomplexes, albeit less robustly (Yonker and Meyer 2003) . DPY-30 is an additional DCC component, but its physical interactions with other DCC members have not been described in detail (Hsu et al. 1995; Hsu and Meyer 1994) .
As part of their sex determination function, the SDC proteins also repress the autosomal gene her-1, a gene required for male development (Chu et al. 2002; Davis and Meyer 1997; Dawes et al. 1999; Nusbaum and Meyer 1989; Villeneuve and Meyer 1987; Villeneuve and Meyer 1990) . The SDC proteins recruit all other members of the DCC (except for DPY-21) to the her-1 locus, even though genetically these other proteins play less significant roles in her-1 repression (Chu et al. 2002; Yonker and Meyer 2003) . It should be noted that these two repressive functions of the dosage compensation complex are very different. At the her-1 locus, the complex accom-plishes localized twenty-fold repression (Trent et al. 1991) , while on the X it causes chromosome-wide two-fold repression (Meyer and Casson 1986) . How the DCC accomplishes these two modes of repression remains to be determined. One clue may lie in DPY-21, as this protein localizes to the X chromosome but not to the her-1 locus (Yonker and Meyer 2003) .
Several DCC subunits function in cellular processes outside of their role in dosage compensation. The best-studied example of this is the roles played by subunits of the condensin I DC subcomplex in mitosis and meiosis (see below) Lieb et al. 1998; Lieb et al. 1996; Tsai et al. 2008 ). An additional member of the DCC with an outside function is DPY-30 (Hsu et al. 1995; Hsu and Meyer 1994) . DPY-30 is homologous to a subunit of the histone H3 lysine 4 methyltransferase complex COM-PASS (Krogan et al. 2002; Miller et al. 2001; Nagy et al. 2002) . In fact, DPY-30 is expressed in both males and hermaphrodites, and its localization appears to be diffuse nuclear, not strictly X-specific, consistent with a more ubiquitous role in gene regulation (Hsu et al. 1995; Hsu and Meyer 1994) .
Chromosome specificity of DCC binding
Recruitment of the DCC to the X chromosome Analysis of DCC localization by fluorescent microscopy demonstrated that the complex associates with both X chromosomes in somatic nuclei of hermaphrodite worms (Chuang et al. 1994; Csankovszki et al. 2009; Davis and Meyer 1997; Dawes et al. 1999; Lieb et al. 1998; Lieb et al. 1996; Tsai et al. 2008; Yonker and Meyer 2003) (Fig. 3b) . DCC chromatin immunoprecipitation studies confirmed X-chromosome enrichment of the complex (Ercan et al. 2007; Jans et al. 2009 ). These studies also revealed that the complex does not bind the X chromosomes Fig. 3 The dosage compensation complex (DCC). a Five subunits of the DCC (DPY-27, MIX-1, DPY-26, DPY-28, CAPG-1) form the condensin I DC subcomplex, a complex similar to mitotic and meiotic condensin complexes. The SDC-1, -2, -3 proteins, together with DPY-21 and DPY-30, form another sub-complex of the DCC. b The DCC localizes to both X chromosomes in hermaphrodites. A single hermaphrodite intestinal nucleus is shown (DAPI, blue). The X chromosome territories are marked by fluorescent in situ hybridization using an X paint probe (red). The region in the nucleus occupied by the DCC is marked by immunofluorescence with DPY-27-specific antibodies (green). Scale bar = 1 µm uniformly. Instead, about 1500 DCC peaks are scattered along the length of the X chromosome, compared to 200-300 peaks on each autosome. Peak heights vary greatly. About 50 peaks on the X chromosome are of exceptionally high amplitude and are designated "DCC foci." Peaks on both the X and the autosomes are preferentially found in promoter regions (Ercan et al. 2007; Jans et al. 2009) . A key question in the field is how the DCC achieves X chromosome enrichment.
There are several possible models for targeting the DCC to the X chromosome. At one extreme, the DCC may individually recognize and bind each of its target sites. This model predicts the existence of a DNA element, which is enriched on the X chromosome, and is distributed all over its length. The DCC would then bind each of these elements to achieve chromosome-wide targeting. In some ways, this model is reminiscent of target recognition by sequence-specific DNA-binding proteins, such as transcription factors, which have many targets in the genome. The difference is that transcription factor targets are scattered on several chromosomes, while DCC targets are greatly enriched on the X. At the other extreme, the X chromosome may contain a single site that initially recruits the machinery and mediates spreading along the entire length of the chromosome. This mechanism does not necessitate chromosomespecific elements to be distributed along the length of the chromosome, but it requires a mechanism for long-range spreading of the complex. Mechanisms that incorporate aspects of both of these models are also possible, with binding sites of various affinities and/or recruiting abilities being distributed along the length of the chromosome, which may or may not mediate spreading of the complex into local chromatin. Indeed, this last model appears to be the case in worms.
Studies of DCC binding to duplications of various X chromosome fragments demonstrated that multiple regions of the chromosome are able to recruit the complex when detached from the X (Csankovszki et al. 2004; Lieb et al. 2000) . In later studies, these large "recruiting" regions were narrowed down to short DNA fragments (Jans et al. 2009; McDonel et al. 2006) . These sites were named rex (recruiting element on X) sites, based on their ability to recruit the DCC in the context of extrachromosomal transgenic arrays. Additional rex sites were discovered when DNA corresponding to sites of DCC binding on the X chromosome were tested in extrachromosomal array assays (Jans et al. 2009 ). A total of 38 rex sites have been identified to date. The availability of a large number of rex sites made it possible to identify a 12-base pair sequence motif (MEX, motif enriched on X) present within these sites (Jans et al. 2009 ). This motif is enriched on the X chromosome by 4-fold to 25-fold, depending on quality of the match to the consensus motif. The MEX motif is an extension of one of two motifs described earlier based on the analysis of a small number of rex sites (McDonel et al. 2006) , and of a motif obtained by genome-wide analysis of DNA sequences bound by the DCC (Ercan et al. 2007 ). The importance of this motif for recruitment was demonstrated by mutational analysis (Jans et al. 2009; McDonel et al. 2006) . The authors estimate the number of rex sites on the X chromosome to be about 200 (Jans et al. 2009 ), which is comparable to the estimate given for the number of so-called chromatin entry sites/high affinity sites on the Drosophila X (estimated at 150) (Alekseyenko et al. 2008; Straub et al. 2008 ).
Multiple classes of DCC binding elements
Not all sites bound by the DCC on the native X are able to maintain their ability to attract the complex when detached from the X. Indeed, there are about 1500 peaks of DCC binding on the X chromosome, but only an estimated 200 of these sites are rex sites (Jans et al. 2009 ). Sites that fail to attract the complex in the context of extrachromosomal arrays, but are bound when located on the X chromosome, are called dox sites (dependent on X) (Jans et al. 2009 ). Sites that fail to attract large quantities of the DCC on duplicated fragments of the X chromosome, but form DCC foci on the native X, are referred to as "way stations" (Blauwkamp and Csankovszki 2009 ).
Interestingly, way stations do not necessarily correspond to dox sites. In fact, some sites that lose their ability to bind large amounts of the DCC on X-duplications are able to recruit the DCC in the context of extrachromosomal arrays (Blauwkamp and Csankovszki 2009; Jans et al. 2009 ). It is not yet clear why these sites behave differently in these two contexts. One difference is copy number. These sites are present in a single copy on duplications, but are present in many copies on large extrachromosomal arrays. Indeed, copy number was shown to be an important factor in determining the ability of DNA elements to initiate the assembly of the dosage compensation machinery in flies and in mammals (Gilfillan et al. 2007; Heard et al. 1999) . Additional possibilities as to the reason for this difference include different chromosomal contexts, different chromatin structures, or different subnuclear localization of duplications versus arrays. Together, these findings suggest that there are various classes of DCC binding sites in worms with a continuum of affinities for the DCC and/or varying degrees of ability to recruit the complex in isolation.
What are the defining features of rex sites? The MEX motif is clearly part of the answer. rex sites tend to contain MEX variants, which are a better match to the consensus than variants within dox sites (Jans et al. 2009 ). However, the MEX motif is not the whole answer. Many rex sites contain MEX variants comparable to variants in dox sites, indicating that something else must distinguish these two classes of sites. In addition, not all occurrences of the MEX motif are bound by the DCC. While most (but not all) sites containing the best MEX variants are bound by the DCC on the X chromosomes, these same quality MEX variants are not bound by the DCC on autosomes (Jans et al. 2009 ). Clustering of these motifs may provide the needed additional specificity (Jans et al. 2009; McDonel et al. 2006) . Another potential feature of rex sites might be high DCC occupancy (Ercan et al. 2007 ). Indeed, DCC peaks with the 17 highest peak scores correspond to rex sites. However, there are also many rex sites that correspond to smaller DCC peaks (Jans et al. 2009 ). Future analysis of DCC binding to the X chromosome with limiting concentrations of DCC might help shed light on the nature of these various classes of binding sites.
Taken as a whole, the current model of DCC targeting to the X chromosome involves initial recruitment to a limited number of sites, which is followed by disbursement to other sites on the chromosome with weaker affinity and/or recruiting ability (Blauwkamp and Csankovszki 2009; Csankovszki et al. 2004; Ercan et al. 2007; Jans et al. 2009; McDonel et al. 2006 ). An unresolved question in the field is how these secondary sites become occupied. Peaks of DCC binding can be as close as 0.9 kb away from each other, or as far as 94 kb (Ercan et al. 2007; Jans et al. 2009 ). Any model of "spreading" must be able to accommodate uneven or discontinuous distribution of the complex along the chromosome. The fact that dox sites are preferentially located in promoters raises the possibility that transcription plays a role in facilitating binding to these sites (Jans et al. 2009 ).
DCC binding on autosomes
Recent genome-wide analysis revealed autosomal sites of DCC binding (Ercan et al. 2007; Jans et al. 2009 ). These sites include the her-1 gene, genes encoding histones, ribosomal proteins, tRNAs and miRNAs. However, different rules seem to dictate binding to autosomes than binding to the X. Occurrences of the MEX motif on autosomes are not bound by the DCC. A different motif (MEA, motif enriched on autosomes) was found within autosomal sites of DCC binding. However, this motif does not seem to play a functional role in DCC recruitment (Jans et al. 2009 ). The best-studied autosomal DCC binding locus is her-1. The sequence elements needed for DCC binding at her-1 (Chu et al. 2002) differ from the MEX motif (Jans et al. 2009 ), implying that the mechanism of X chromosome recognition may differ from her-1 binding. Consistent with that, recruitment of the complex to her-1 is somewhat different from recruitment to X. While SDC-2 appears to be pivotal for X recognition, SDC-3 is the driving force behind her-1 binding (Yonker and Meyer 2003) . It will be interesting to determine whether other autosomal locations of DCC binding are SDC-2 driven, SDC-3 driven, or use yet another mechanism.
Molecular mechanisms of repression by the DCC
It is not easy to envision a mode of gene regulation that is able to impose a precise two-fold downregulation of gene expression in a chromosome-wide manner. This form of regulation must also be superimposed on the individual temporal and tissue specific regulation of each gene. From studies of steady state RNA levels in dosage compensation mutants, we know that the DCC acts by altering mRNA levels (Meyer and Casson 1986) . Therefore, it is assumed that some aspect of transcription and/or RNA processing is affected. A clue as to the mechanism of action of the DCC comes from the similarity of the condensin I DC sub-complex to the conserved condensin complex required for the compaction and segregation of chromosomes during mitosis and meiosis. Thus, a hypothesis was proposed that dosage compensation in C. elegans involves a molecular mechanism similar to the mechanism of mitotic chromosome condensation (Chuang et al. 1994; Csankovszki et al. 2009; Lieb et al. 1998; Lieb et al. 1996; Tsai et al. 2008) . The DCC may alter higher order chromosome organization by inducing partial chromosome condensation in interphase, leading to decreased transcription.
Three condensin complexes in the worm
Condensin complexes are conserved five subunit complexes, present from yeast to humans (Reviewed in (Belmont 2006; Hirano 2005) ). They consist of two SMC (structural maintenance of chromosomes) proteins of the SCM2 and SMC4 subclasses, and three regulatory subunits (CAPs, chromosome associated polypeptides). While yeast has one condensin complex, higher eukaryotes have two, condensin I and condensin II (Hirota et al. 2004; Ono et al. 2004; Ono et al. 2003) . The two complexes contain the same SMC subunits and unique sets of CAP subunits. Condensin I (the complex present in yeast) contains CAP-D2, CAP-G, and CAP-H subunits (CAP I class), while condensin II (specific to higher eukaryotes) contains CAP-D3, CAP-G2, and CAP-H2 subunits (CAP II class).
Recent biochemical and proteomic analysis revealed the existence of not two, but three condensin complexes in C. elegans ). Two of these complexes are homologs of condensin I. One variant of condensin I (condensin I DC ), plays a role in dosage compensation as a sub-part of the DCC (Chuang et al. 1994; Csankovszki et al. 2009; Lieb et al. 1998; Tsai et al. 2008) . The other condensin I variant (referred to as condensin I), as well as condensin II, function in mitosis and meiosis (Chan et al. 2004; Csankovszki et al. 2009; Hagstrom et al. 2002) . Condensins I and II contain identical SMC subunits, while condensins I DC and I contain identical CAP subunits (Fig. 4) . The mitotic phenotypes associated with condensin I subunits are much less severe than the phenotypes associated with condensin II subunits, indicating that in worms, the function of condensin II predominates in mitosis ). Condensin I also plays a novel role during meiosis in the regulation of crossover number and distribution (Tsai et al. 2008; Mets and Meyer 2009) .
Interestingly, condensin I DC and condensin I differ in only one of five subunits, the SMC4 subunit ). Condensin I contains SMC-4, and condensin I DC contains DPY-27. Replacing SMC-4 with DPY-27 is sufficient to turn a mitotic/meiotic complex into a gene regulatory complex. Thus, condensin I DC likely evolved by duplication of the ancestral smc-4 gene, and specialization of its function. On the one hand, condensin I is able to bind all chromosomes during mitosis and meiosis, which leads to the formation of compact, individualized chromosomes. On the other hand, condensin I DC is largely X-specific, interacts with the X chromosome throughout the cell cycle, and its binding results in a two-fold downregulation of gene expression. Future studies will reveal how such similar complexes can perform these diverse functions, but the unique SMC4 subunits likely play a key role.
What can we learn about DCC function from studies of condensin?
Condensin complexes purified from several organisms have been biochemically characterized. Xenopus (Bazett-Jones et al. 2002; Kimura and Hirano 1997; Kimura et al. 1999) , C. elegans (Hagstrom et al. 2002) , and human (Kimura et al. 2001 ) condensin complexes possess the ability to introduce positive supercoils into naked DNA in vitro in an ATPdependent manner, and to compact single DNA molecules (Strick et al. 2004) . While condensin I DC has not been tested for these in vitro activities, its function in dosage compensation is ATP-dependent. When the ATP binding domain in DPY-27 or MIX-1 is mutated, the protein is no longer able to perform its dosage compensation function (Chuang et al. 1994; Lieb et al. 1998) . The importance of the SMC ATPbinding motif in dosage compensation is a clear link between this process and typical condensin ATPase activities, and further strengthens the relationship between dosage compensation and mitotic chromosome condensation.
It is not yet clear how these biochemical in vitro activities relate to in vivo condensation of chromosomes as they enter mitosis or meiosis. There is a disagreement in the field whether condensin is necessary for chromosome compaction per se, or whether it functions in some other aspect of higher order chromosome organization. Depletion of condensin subunits in some systems leads to chromosome condensation defects, but in other systems it does not. Instead, a phenotype that has been universally observed upon condensin depletion is a defect in chromosome segregation (Belmont 2006; Hirano associates with the X chromosomes during the process of dosage compensation, but the complex does not function in mitosis and meiosis. Condensin I associates with mitotic chromosomes in a diffuse non-uniform manner, and localizes to the points of cohesion between homologous chromosomes during meiosis. By contrast, condensin II is enriched at the centromeres during mitosis and localizes to the core of sister chromatids during meiosis. Scale bar = 2 µm 2005). Therefore the exact contribution of condensin to chromosome compaction during mitosis and meiosis remains unclear.
Condensin I and II make distinct contributions to chromosome architecture during mitosis. Vertebrate condensin II is predominantly nuclear and binds chromosomes as condensation begins in prophase, while condensin I is cytoplasmic in interphase and accesses chromosomes only after nuclear envelope break down. After this point, the two condensins have alternating distributions along the chromosome core (Gerlich et al. 2006; Hirota et al. 2004; Ono et al. 2004; Ono et al. 2003) . Condensin II plays a primary role in condensation during prophase (Gerlich et al. 2006; Hagstrom et al. 2002; Hirota et al. 2004; Stear and Roth 2002) . In contrast, condensin I appears to provide mechanical stability to mitotic chromosomes (Gerlich et al. 2006 ). In addition, condensin contributes to centromere organization and kinetochore function (Hagstrom et al. 2002; Ono et al. 2004; Stear and Roth 2002; Wignall et al. 2003) . Depletion of condensin I or condensin II alone results in distinct chromosomal defects, and depletion of both condensins simultaneously leads to the most severe defects (Hirota et al. 2004; Ono et al. 2004; Ono et al. 2003) .
Similar to other organisms, the various condensin complexes in worms associate with chromosomes in strikingly different patterns (Fig. 4) , and have different mutant phenotypes, implying that they perform distinct functions ). Condensin I DC associates with hermaphrodite X chromosomes in somatic tissues after the onset of dosage compensation at about the 50-cell stage (Dawes et al. 1999) . After the onset of dosage compensation, condensin I DC remains associated with the X chromosomes throughout the cell cycle. However, condensin I DC does not play a role during mitosis or meiosis. During mitosis, condensin I associates with mitotic chromosomes in a discontinuous and non-uniform manner Lieb et al. 1996; Tsai et al. 2008) , while condensin II is enriched at the centromeres (Chan et al. 2004; Csankovszki et al. 2009; Hagstrom et al. 2002; Maddox et al. 2006; Stear and Roth 2002) . During meiosis, condensin II is enriched within the core of sister chromatids (Chan et al. 2004; Csankovszki et al. 2009 ). On the other hand, condensin I localizes to sites of cohesion at the interface between homologs (meiosis I) and sister chromatids (meiosis II), which implies that condensin I may play a role in chromosome separation and cohesin removal ). Condensin I in other organisms has been shown to play a role in the establishment of cohesion between sister chromatids (Lam et al. 2006) , as well as in the removal of cohesin-mediated linkages between chromosomes in mitosis (Hirota et al. 2004) and meiosis (Yu and Koshland 2005) . What dictates these various chromosomal association patterns and how the complexes achieve their diverse functions are not known, but comparative analysis of these complexes will likely shed light on the mechanistic relationship between mitotic/meiotic chromosome segregation and dosage compensation.
Interestingly, condensins I and II in other organisms have also been implicated in gene regulation. In yeast, condensin I appears to play a role in silencing at the mating type locus (Bhalla et al. 2002) , in rDNA silencing (Machin et al. 2004 ) and in tRNAgene mediated silencing (Haeusler et al. 2008) . In Drosophila, mutations in condensin I subunits affect repression of transgenes inserted in heterochromatin (Cobbe et al. 2006; Dej et al. 2004) . A murine condensin II (CAP-G2) subunit physically interacts with two transcription factors and antagonizes their activation of reporter genes (Xu et al. 2006) . The bacterial SMC complex also has roles in gene regulation (Dervyn et al. 2004 ). These observations imply that the mechanistic link between condensinmediated gene regulation and chromosome segregation is evolutionarily conserved.
How does DCC binding lead to repression?
Despite recent advances in the study of condensin function, the molecular mechanism of condensinmediated gene repression remains a mystery. According to the model, condensin binding induces changes in higher order chromosome structure, which affects some aspect of RNA production. Enrichment of the DCC at promoters of X-linked genes originally suggested that the complex may achieve repression by directly binding regulated genes (Ercan et al. 2007 ). However, analyzing X-linked gene expression levels in dosage compensation mutants revealed a more complicated picture (Jans et al. 2009 ). This study demonstrated that many X-linked genes are indeed subject to dosage compensation, but many other X-linked genes are not. Dosage compensated genes are interspersed with non-dosage compensated genes. Genes of all expression levels can be dosage compensated and the magnitude of gene expression changes varies from less than two-fold to over 5-fold. Interestingly, there is no correlation between DCC binding and gene expression changes in dosage compensation mutants (Jans et al. 2009 ). In these mutants, many genes normally bound by the DCC are overexpressed, but many are not. Conversely, many genes normally not DCC-bound are also overexpressed in the mutants. The authors suggested that the DCC does not repress genes by direct binding, but rather it acts at a distance. The mechanism may involve looping of chromatin fibers to bring regulated genes to the vicinity of DCC bound sites (Jans et al. 2009 ). Alternatively, gene expression changes of DCC-unbound genes can also be attributed to indirect effects. Consistent with that, many genes on autosomes are also misregulated in the dosage compensation mutants (see below, Jans et al. 2009 ).
By contrast, genome-wide DCC binding and gene expression studies in flies showed a correlation between binding and repression. In flies, genes most affected by depletion of the MSL complex are those normally bound directly by the DCC (Alekseyenko et al. 2006; Hamada et al. 2005) . The difference between the Drosophila model of gene-by-gene regulation and the C. elegans model of chromosome-wide regulation may lie in the differences between the mechanisms of action of the two dosage compensation machineries. In Drosophila, the machinery alters the structure of the nucleosome fiber by acetylation of lysine 16 on histone H4, while in worms the machinery is thought to act at the level of higher order structures, not at the level of nucleosomes.
Some features of repression by the DCC are reminiscent of the role of condensin function in tRNA mediated gene silencing (tgm silencing) in the yeast S. cerevisiae. During tgm silencing, condensin binds tRNA genes via a physical interaction with TFIIIC and TFIIIB. The tRNA genes cluster near the nucleolus in a condensin-dependent manner, which leads to silencing of nearby RNA Pol II transcribed genes (Haeusler et al. 2008) . Interestingly, in worms, a large fraction of tRNA genes are bound by condensin I DC , both on the autosomes and on the X chromosome (Jans et al. 2009 ). In tgm silencing, condensin binds the tRNA genes, which leads to silencing of other nearby genes not bound by condensin (Haeusler et al. 2008) . Similarly, in dosage compensation, condensin I DC binding leads to repression of genes, many of which are not bound by the complex (Jans et al. 2009 ). In tgm silencing, as in dosage compensation, repressed genes are interspersed with non-repressed genes. Perhaps spatial clustering of distant chromosomal sites is involved in both processes. These parallels raise the possibility that features of condensin-mediated repression are conserved between different species.
Other repression mechanisms? Dosage compensation in other organisms involves modulation of the structure of the nucleosome fiber to achieve gene silencing (in mammals) or two-fold upregulation (in flies). Are chromatin changes involved in worm dosage compensation? DPY-30, in addition to functioning in dosage compensation, is also a subunit of the COMPASS histone methyltransferase complex (Meyer 2005) . However, this function of has not yet been linked to dosage compensation. A recent study reported that the histone variant HTZ-1/H2A.Z is underrepresented on X chromosomes in worms, but the authors did not find any evidence for a direct role for HTZ-1 in dosage compensation (Whittle et al. 2008 ). There are well-studied mechanisms of changes in chromatin structure leading to gene silencing or gene activation, but perhaps a two-fold repression is not easily achieved by changes in the structure of the nucleosome fiber.
Nevertheless, the action of condensin I DC and a mechanism related to mitotic chromosome condensation are unlikely to be the whole story. DCC components, such as the SDC proteins, as well as DPY-21 and DPY-30, are not condensin subunit homologs, yet their function contributes to repression. Part of their role is in DCC recruitment. SDC-2 and SDC-3 are needed to recruit all the other members of the DCC to the X chromosome (Davis and Meyer 1997; Dawes et al. 1999) . DPY-30 also plays a role in recruitment (Hsu et al. 1995; Hsu and Meyer 1994) . However, other functions, beyond recruitment, cannot be excluded. In addition, DPY-21 must play a role different from recruitment and/or stability of the DCC. dpy-21 mutants display normal localization of the DCC to the X chromosomes, yet dosage compensation function is compromised (Yonker and Meyer 2003) . Future functional studies of these DCC members will reveal their contribution to the dosage compensation process.
DCC action on autosomes
Perhaps the most surprising recent finding in the field is that the DCC seems to affect gene expression on the autosomes in addition to regulating X-linked genes. In dosage compensation mutants, expression of nearly 30% of autosomal genes decreases, while expression of X-linked genes increases (Jans et al. 2009 ). Just like on the X chromosome, DCC bound genes are not necessarily the ones whose expression changes in the mutants. While some of the autosomal gene expression changes observed in these mutants could be due to indirect effects, the clear trend of X overexpression and autosome underexpression makes it likely that more direct effects are also involved. Perhaps dosage compensation in hermaphrodites involves establishing an intricate balance of X to autosome gene expression ratio by downregulating X chromosome gene expression and upregulating autosomal gene expression at the same time. How the DCC could be involved in these two processes remains to be determined.
